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Abstract
Aim: To test whether native and non- native species have similar diversity–area rela-
tionships (species–area relationships [SARs] and phylogenetic diversity–area rela-
tionships [PDARs]) and whether they respond similarly to environmental variables.
Location: United States.
Methods: Using lists of native and non- native species as well as environmental vari-
ables for >250 US national parks, we compared SARs and PDARs of native and non- 
native species to test whether they respond similarly to environmental conditions. 
We then used multiple regressions involving climate, land cover and anthropogenic 
variables to further explore underlying predictors of diversity for plants and birds in 
US national parks.
Results: Native and non- native species had different slopes for SARs and PDARs, with 
significantly higher slopes for native species. Corroborating this pattern, multiple re-
gressions showed that native and non- native diversity of plants and birds responded 
differently to a greater number of environmental variables than expected by chance. 
For native species richness, park area and longitude were the most important variables 
while the number of park visitors, temperature and the percentage of natural area were 
among the most important ones for non- native species richness. Interestingly, the most 
important predictor of native and non- native plant phylogenetic diversity, temperature, 
had positive effects on non- native plants but negative effects on natives.
Main conclusions: SARs, PDARs and multiple regressions all suggest that native and 
non- native plants and birds responded differently to environmental factors that in-
fluence their diversity. The agreement between diversity–area relationships and mul-
tiple regressions with environmental variables suggests that SARs and PDARs can be 
both used as quick proxies of overall responses of species to environmental condi-
tions. However, more importantly, our results suggest that global change will have 
different effects on native and non- native species, making it inappropriate to apply 
the large body of knowledge on native species to understand patterns of community 
assembly of non- native species.
K E Y W O R D S
biological invasions, national parks, non-native species, phylogenetic diversity, phylogenetic 
diversity–area relationships, species–area relationships
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1  | INTRODUC TION
To mitigate and control biological invasions, it is critical to identify 
the factors underlying the distribution and diversity of non- native 
species at a variety of spatial scales. A necessary first step is to ask 
whether native and non- native species respond to environmental 
conditions in a similar way. If so, our knowledge of the ecology and 
biogeography of native species can then be used to understand the 
distribution and diversity of non- native species and assemblages. A 
common approach to this question is to compare species richness 
of native and non- native species across different locales (Davies 
et al., 2005; Gilbert & Lechowicz, 2005; Lonsdale, 1999; Stohlgren, 
Barnett, Flather, Kartesz, & Peterjohn, 2005). This approach, how-
ever, tests differences in responses of native and non- native species 
to environmental conditions indirectly. Studies that directly test the 
response of natives and non- natives to environmental drivers are 
predominantly at local to regional spatial scales, limiting their gen-
erality (Marini, Gaston, Prosser, & Hulme, 2009; Marini et al., 2012). 
Therefore, further studies across a wider range of spatial scales are 
needed to directly test the responses of native and non- native spe-
cies to environmental variables.
Species–area relationships (SARs) can be used as general and 
informative tools for comparing the ecology and biogeography of 
native and non- native species (Sax & Gaines, 2006). This is because 
SARs are affected by both site and species characteristics and in-
tegrate several ecological processes such as habitat filtering, dis-
persal limitation and species interactions (He & Legendre, 2002; 
Rosenzweig, 1995; Rosindell & Cornell, 2009). SARs are commonly 
modelled by a power- law function (Arrhenius, 1921), S = CAz, which 
is log–log- transformed for statistical utility log(S) = log(c) + z × log(A). 
The slope of the SAR, z, may capture and quantify complex overall 
changes in community composition (Tittensor, Micheli, Nyström, & 
Worm, 2007). Thus, z of native and non- native species can be com-
pared to provide insights on how they covary in response to envi-
ronmental conditions (Sax & Gaines, 2006; Stark, Bunker, & Carson, 
2006). The scenario in which z is the same for both native and non- 
native species suggests that both groups respond similarly to envi-
ronmental conditions. Higher z values suggest dispersal limitation or 
narrow niches for the group possessing them. Comparing SARs of 
native and non- native species may not be a panacea for understand-
ing their spatial diversity patterns as several mechanisms can lead 
to the same patterns. It is, however, a first step towards elucidating 
factors that structure non- natives across spatial scales and can gen-
erate hypotheses regarding mechanisms.
Species richness is only one aspect of diversity, which often 
conveys little information regarding the diversity of ecological and 
evolutionary differences among species. Even complete turnover 
in species composition may or may not affect the phylogenetic 
structure of communities. Consequently, the number of species 
may account for only a small fraction of variation in diversity in a 
community. Similarly, SARs of native and non- native species may 
only provide limited insights about their responses to environment 
conditions. Studying native and non- native species’ phylogenetic 
diversity–area relationships (PDARs) can provide different and 
complementary information on species’ responses to environmen-
tal gradients. For example, if we find strong positive SARs but no 
apparent PDARs, this suggests that the species that are added 
with increasing area have similar evolutionary relationships to 
those present in smaller areas. PDARs can be explored within the 
same statistical framework as SARs, where the response variable 
S is a measure of phylogenetic diversity (PD) (e.g., PSV, Helmus, 
Bland, Williams, & Ives, 2007; Helmus & Ives, 2012). Large z val-
ues suggest increasing PD with area, which can result from disper-
sal limitation or environmental filtering of certain clades. Lower 
z values suggest that the majority of clades are present at small 
spatial scales such that relatively few new clades are added with 
increasing area. However, PDARs have rarely been studied (but see 
Helmus & Ives, 2012; Mazel et al., 2015; Morlon et al., 2011; Wang 
et al., 2013) and have not been compared between native and non- 
native species.
Here, we compare SARs and PDARs of native and non- native 
birds and plants in 255 units managed by the US National Park 
Service (NPS). We define non- native species as those that establish 
and spread in areas where they are not native (cf. Allen, Brown, & 
Stohlgren, 2009); we thus treat non- native species and exotic spe-
cies exchangeably and they are not necessarily invasive species. 
While national parks are important protected areas for conserving 
biodiversity in the United States, they also share many of the same 
threats to biodiversity as non- protected areas, including invasive 
species (Allen et al., 2009; Stohlgren, Loope, & Makarick, 2013). For 
example, Allen et al. (2009) report that 3,756 non- native plant spe-
cies had affected over 7.3 million hectares across the 216 US national 
park units in their study. While the majority of non- native species 
are not considered “major” threats in US national parks (Hiebert & 
Stubbendieck, 1993), several of them have had devastating effects, 
for example, white pine blister rust (Van Mantgem et al., 2009) and 
hemlock woolly adelgid (Abella, 2014).
National parks are an ideal system to study native and non- native 
diversity and their relationships with environmental covariates (in-
cluding area) because they span a large range of sizes and other 
environmental conditions, have carefully collected species lists and 
environmental measurements, and studies about this system may 
yield general conclusions at a larger scale. We used species pres-
ence data for plants and birds and multiple environmental variables 
of national parks (including area, climate, population, visitation) to 
address these following questions:
1. Do native and non-native species have similar SARs and/or 
PDARs?
2. Which environmental variables drive species richness and phylo-
genetic diversity (PD) for native and non-native species?
3. Do native and non-native species respond similarly to the same 
set of environmental variables if they have similar SARs or PDARs 
(or vice versa)?
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2  | METHODS
2.1 | Plant and bird occurrence data
The NPS inventory and monitoring (I&M) program supports more 
than 270 natural resource park units (“parks” hereafter) through as-
sessment and management of park resources (Fancy, Gross, & Carter, 
2009). With a goal of documenting >90% of the species occurring in 
each park (Fancy et al., 2009), the I&M program performed an in-
ventory of species occurrence in parks, which has been carefully re-
viewed for quality control and become an actively curated database 
(NPSpecies, https://irma.nps.gov/NPSpecies/). NPSpecies contains 
species occurrence and provenance (i.e., native or non- native) of 
vascular plants and vertebrates (birds, mammals, fish, amphibians, 
reptiles). While inventories of some parks are likely undersampled 
and under- reported, especially for certain taxa, the NPSpecies data-
set is probably one of the most suitable resources for answering bio-
diversity questions such as ours (Allen et al., 2009; Lawrence et al., 
2011; Rodhouse, Philippi, Monahan, & Castle, 2016).
Our study includes all vascular plant and bird species from the 
NPSpecies database because these two taxa are widely studied and 
thus likely have the most accurate species lists at each park. Plant 
and bird records for all parks were carefully checked and validated as 
part of the NPSpecies certification process. We further filtered and 
validated data before analyses as follows. We removed parks that 
had less than ten species (native and non- native together of birds or 
plants) to avoid potential undersampling. We only used records of 
plants and birds listed as “present” in parks, excluding other records 
such as “probably present” and “unconfirmed.” We only kept plants 
and birds with their provenance assigned as either “native” or “non- 
native,” excluding those assigned as “unknown.” After checking and 
filtering plant data in this way, we found 3,273 non- native plants 
from 246 parks. For birds, we also removed species that were tagged 
as “vagrant.” We cross- validated bird provenance with an up- to- date 
avian invasion atlas dataset (GAVIA; Dyer, Redding, & Blackburn, 
2017); non- native species were those that were introduced to the 
United States and were assigned as “breeding” or “established” in the 
GAVIA dataset and as “non- native” in the NPS dataset. For our final 
analysis, we compiled a list of 15,406 total plant species from 246 
parks and a list of 777 total bird species from 250 parks (Figure 1).
2.2 | Phylogenies
Phylogenetic relationships among all plant species were inferred 
using Phylomatic v4.2 (http://phylodiversity.net/phylocom/, Webb 
& Donoghue, 2005), choosing the supertree zanne2014. This 
time- calibrated supertree provided by Zanne et al. (2014) was con-
structed from seven gene regions for 32,223 plant species using 
maximum likelihood. The generated phylogeny still has many un-
solved terminal nodes (i.e., polytomies) but was well resolved with 
respect to deep phylogenetic relationships. These polytomies, while 
not preferred, usually do not affect results of PD and phylogenetic 
community structures (Cadotte, 2015; Swenson, 2009). This is be-
cause the topology of the phylogeny usually is more important than 
its branch lengths for community studies. To support this argument, 
we also tried the R20120829 supertree and the bladj algorithm 
with an updated set of the minimum node ages given by Wikström, 
Savolainen, and Chase (2001). The generated phylogeny has lower 
resolution in terms of branch lengths and more polytomies than the 
one from zanne2014 because the R20120829 supertree has less 
nodes. However, PD for both native and non- native plants calculated 
from these two generated phylogenies is highly correlated (Faith’s 
PD: r > 0.99; phylogenetic species variability [PSV]: r > 0.92; all p val-
ues < 0.001). We thus only used PD calculated from the phylogeny 
derived from the zanne2014 supertree.
For birds, we used the phylogeny from Jetz, Thomas, Joy, 
Hartmann, and Mooers (2012). Detailed methods about tree 
F I G U R E  1 Distribution of National Park units used in this study [Colour figure can be viewed at wileyonlinelibrary.com]
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N
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construction can be found at their website (http://birdtree.org). 
They provided 10,000 phylogenies derived from Bayesian analyses. 
Because PD calculations using 100 randomly selected phylogenies 
varied little (all pairwise Pearson’s r > 0.98; cf. Baiser, Valle, Zelazny, 
& Burleigh, 2017), we randomly selected 100 phylogenies and then 
used average PD derived from these 100 phylogenies for all bird 
analyses.
To estimate PD for native and non- native plants and birds at each 
park, we calculated PSV (Helmus et al., 2007) of each of the four 
groups containing at least two species. The expected value of PSV 
ranges from 0 to 1 and is statistically independent of species rich-
ness. When PSV approaches 1, all species in a sample (i.e., park) are 
less related phylogenetically, and vice versa when PSV approaches 0.
2.3 | Environmental data
More than 20 climate variables for each park and surrounding 30 km 
were collected by Monahan and Fisichelli (2014) from the Climatic 
Research Unit high- resolution (0.5 decimal degrees) time series ver-
sion 3.21. We focused on three climate variables, summarized over 
the period between 1983 and 2012 (temperature, precipitation and 
water availability of the warmest quarter), because they are com-
mon variables for studying how climate affects plant growth, dis-
tribution and diversity (Adler, HilleRisLambers, Kyriakidis, Guan, & 
Levine, 2006; Fritts, 2012). For birds, plants are the building blocks 
of key habitats, and variables such as temperature also impose di-
rect physiological effects on their distribution and abundance (Root, 
1988). For temperature and precipitation, we used both means or 
sums (annual mean temperature, annual precipitation) and variability 
(standard deviation mean monthly temperature or precipitation) as 
variables. We calculated water availability during the warmest quar-
ter as the ratio between mean precipitation of the warmest quarter 
and vapour pressure of the warmest quarter.
We also collected a series of geographic and landscape vari-
ables for each park, obtained from the NPS I&M landscape dynam-
ics monitoring project (NPSpace, http://science.nature.nps.gov/im/
monitor/npscape/): latitude and longitude (based on park centroids), 
area, population density, road density and natural area percentage 
(Appendix S1). Natural area is area that has not been converted to 
other land use types by human. The last three variables were cal-
culated with a 30 km buffer around each park. Average annual 
numbers of visitors over the past 10 years (2006–2015) were col-
lected from the NPS Statistics website (https://irma.nps.gov/Stats/
Reports/National).
2.4 | Statistical analysis
All analyses were conducted with R v3.4.0 (R Core Team, 2017). To 
estimate the SARs and PDARs, we used the log- transformed power- 
law model log(S) = log(c) + z × log(A), where S can be either species 
richness or PD (i.e., PSV). We fitted a linear regression for each of 
the four groups (native birds, native plants, non- native birds and 
non- native plants). We used log10- transformed species richness or 
PSV as the response variable and log10- transformed area as the pre-
dictor. We did not use raw PSV values as a response variable be-
cause models with log10PSV as a response variable had much lower 
Akaike information criterion (AIC, thus better fitting) than those with 
PSV as a response variable (ΔAIC > 100 for all groups). Although 
other complex alternative functions are available to fit species–
area models (Dengler, 2009; He & Legendre, 2002), the power- law 
model is the simplest and most commonly used function (Arrhenius, 
1921; Dengler, 2009; Fridley, Peet, Wentworth, & White, 2005; 
Rosenzweig, 1995). Furthermore, our objective was to compare na-
tive and non- native species’ diversity–area relationships (SARs and 
PDARs). In this case, the simplest power- law model is a reasonable 
choice and will facilitate comparisons both between native and non- 
native species and allow us to compare our results to other stud-
ies. To test the difference between the z values of SARs and PDARs 
for native and non- native species, we used analysis of covariance 
(ANCOVA) with log10- transformed species richness or PSV as the 
response variable and with log10 area, species provenance (native 
or non- native, coded as 1 and 0, respectively), and their interaction 
as predictors. Significant interaction suggests that native and non- 
native species have different SARs or PDARs.
To understand predictors of species richness and PSV of plants 
and birds, we conducted multiple linear regression for each of the 
four groups with species richness or PSV as the response variable 
(both log10- transformed). Latitude and temperature seasonality 
were both correlated with annual average temperature (Pearson’s 
r = −	 0.89	 and	 0.66,	 respectively)	 and	 thus	 showed	 high	 collin-
earity when included in the model (variance inflation factor >4). 
Therefore, we only kept annual average temperature in multiple 
linear regressions because it has been used more commonly than 
temperature seasonality and may be more informative than lati-
tude. We found no obvious nonlinear relationships between di-
versity and predictors in the exploratory data analysis. We thus 
did not include quadratic forms of predictors in the model. We 
then selected the best models based on AIC from a full model 
with the variables in Appendix S1 except latitude and tempera-
ture seasonality as predictors. All predictors were standardized to 
have mean zero and standard deviation of one. Residuals of the 
best models were checked, and we found no apparent violations 
to model assumptions. In addition, we found no significant spatial 
autocorrelations in the residuals. To understand each variable’s 
relative importance in explaining variation in species diversity, we 
calculated the ratio between their sum of squares and total sum 
of squares from type II analysis of variance (ANOVA) on the best 
models.
If native and non- native species have different SARs and/or 
PDARs, we expect that their species richness and/or PSV will have 
different relationships with at least some (say n) environmental vari-
ables; in addition, the number n should be higher than expected by 
chance. On the contrary, if they have similar diversity–area relation-
ships, we expect that their species diversity will respond no differ-
ently to environmental variables; even if they respond differently 
to some (say m) environmental variables, the number m should not 
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be different from what is expected by chance. To test this hypoth-
esis, we fitted multiple linear regressions for birds and plants with 
environmental variables, provenance (native or non- native) and in-
teractions between provenance and environmental variables as pre-
dictors. Significant interactions suggest that native and non- native 
species respond differently to the environmental variable in the 
interaction term. When the environmental variable is park area, sig-
nificant interaction suggests different diversity–area relationships 
between native and non- native species after accounting for all other 
environmental variables. This indicates that native and non- native 
species respond differently to other unmeasured environmental 
variables, of which area may be a good proxy. To test whether native 
and non- native species respond differently to more environmental 
variables than expected by chance, we used parametric bootstrap-
ping. We first estimated parameters from the data under the null 
hypothesis that native and non- native species respond similarly to 
environmental variables (i.e., without interactions between species 
provenance and environmental variables). We then simulated 1,000 
datasets using this estimated null model and fitted each dataset with 
the full model (i.e., with interaction terms). For each refitted model, 
we recorded the number of significant interactions. If the observed 
number of significant interactions is significantly higher than those 
from refitted models, we conclude that native and non- native spe-
cies respond differently to more environmental variables than ex-
pected. This potential result, in addition to different diversity–area 
relationships of native and non- native species (based on ANCOVA), 
may provide support for the use of SARs or PDARs as a quick proxy 




The median number of non- native and native plants across all parks 
we analysed was 81 and 400, respectively (Appendix S2). The av-
erage proportion of non- native plants to native plants was 0.304. 
Compared with plants, birds had relatively fewer non- native species 
(median number was 12, and average proportion of non- native to 
native birds was 0.108).
Native and non- native species had different SARs for both plants 
and birds (Figure 2, Appendices S2 and S3). Native plants had a z- 
value of 0.159, which was different from zero (p < 0.001). Non- native 
plants also showed a significantly positive SAR (z = 0.04, p = 0.03). 
Similarly, both native and non- native birds had significantly positive 
SARs (Appendix S2). For both plants and birds, z- values of native 
species were significantly higher than those of non- native spe-
cies (0.159 vs. 0.04 for plants; 0.096 vs. 0.023 for birds; ANCOVA, 
p < 0.001 for both plants and birds).
Area was the most important positive predictor among the vari-
ables we studied for both native plants and birds; explaining about 
30% and 20% of variation in species richness for native plants and 
birds, respectively (Figure 3). However, area only explained 3% of 
non- native plant species richness while the most important positive 
predictor of non- native richness, number of visitors, explained 6%. 
Similarly, area explained less variation than visitors in non- native 
birds species richness. The percentage of natural area in park buf-
fers had significantly negative relationships with both exotic plant 
and bird species richness (Figure 3). For non- native birds, tempera-
ture was the most important positive predictor (Figure 3).
In line with observed differences in SARs between native and 
non- native species, their species richness also responded differ-
ently (p < 0.05) to half of the ten environmental variables we studied 
(Table 1). Parametric bootstrapping suggested that native and non- 
native species richness responded differently to more environmen-
tal variables than expected by chance (p < 0.001 for both plants and 
birds, Appendix S6).
3.2 | Phylogenetic diversity–area relationships
The median PSV of non- native plants was lower than that of na-
tives across all parks we analysed (0.34 and 0.377, respectively; 
Appendix S4). Non- native birds, in contrast, had higher median PSV 
than natives (0.811 and 0.669, respectively).
Overall, birds had a positive relationship between PSV and area, 
but plants did not (Figure 4, Appendices S4 and S5). Native birds had 
F I G U R E  2 Species–area relationships 
of native and non- native plants and birds. 
Shaded area indicates standard errors for 
the fitted values [Colour figure can be 
viewed at wileyonlinelibrary.com]
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significant PDARs, while non- native plants had a slightly negative 
PDAR. Both non- native birds and native plants showed no relation-
ship between PSV and area (Figure 4, Appendix S4). Native and non- 
native species showed different PDARs for both plants and birds 
(ANCOVA, p = 0.032 and <0.001, respectively).
Area was important for PD of native birds but not for non- native 
birds and plants (both native and non- native) (Figure 5). For PSV of 
plants, climatic variables (temperature and precipitation) were the 
most important predictors. However, temperature had negative 
effects on native plant PSV while positively influencing the PSV of 
non- native plant assemblages. Road density had significantly nega-
tive effects on PSV of native birds. However, the variables we stud-
ied only explained about 6% of variation in PSV of non- native birds 
given the large variation observed in the PSV of exotic bird assem-
blages (Figure 4, Appendix S4).
Concurring with the observed differences in PDARs between na-
tive and non- native species, their PSV also responded differently to 
more environmental variables than expected by chance (p = 0.015 
and p < 0.001 for plants and birds, respectively, Appendix S6). PSV 
of native and non- native birds and plants responded differently to 
5 and 3 of the ten environmental variables, respectively (Table 1). 
Climatic variables (temperature and precipitation) had opposite ef-
fects on PSV (but not on species richness) of native and non- native 
plants.
4  | DISCUSSION
4.1 | Different SARs between native and non- native 
species
Native and non- native birds and plants had significantly positive 
SARs, with greater slopes for native species. This suggests that na-
tive species richness increases with park area at a greater rate than 
non- native species. Our result of steeper SAR slopes for native birds 
F I G U R E  3 The variation of species 
richness explained by different variables. 
Colours represent positive (blue) 
or negative (red) effects on species 
richness. If the estimated coefficient of 
a variable is significantly different from 
zero, a star symbol (*) was added to the 
left of the bar. Richness and variables 
were log- transformed when needed 
and all were standardized to have mean 
zero and standard deviation one. Each 
panel represents one multiple linear 





















Birds_exotic (Adjust R2 = 0.374) Plants_exotic (Adjust R2 = 0.36)
Birds_native (Adjust R2 = 0.478) Plants_native (Adjust R2 = 0.558)































Term Birds_SR Plants_SR Birds_PSV Plants_PSV
Temp. <0.001* 0.418 0.170 <0.001*
Area <0.001* <0.001* 0.001* 0.110
Visitors 0.044* 0.189 0.963 0.266
Population density 0.063 0.007* <0.001* 0.146
Precip.Var. 0.024* 0.026* 0.120 0.101
Precip. 0.197 0.853 0.698 <0.001*
Water avail. 0.147 0.094 <0.001* 0.289
Natural area % <0.001* 0.007* 0.636 0.034*
Longitude <0.001* <0.001* <0.001* 0.278
Road density 0.651 0.073 0.009* 0.621
TABLE  1 p Values of interactions 
between environmental variables and 
species provenance (native and non- 
native) of birds and plants. Responses 
variable is either species richness (SR) or 
phylogenetic diversity (PSV, both 
log- transformed). Significant interactions 
(p < 0.05) were indicated with *
     |  859LI et aL.
generally agrees with other studies of native and non- native SARs 
for birds (e.g., Blackburn, Cassey, & Lockwood, 2008; Blackburn, 
Delean, Pyšek, & Cassey, 2016; Chown, Gremmen, & Gaston, 1998; 
but see Flaspohler et al., 2010). It should be noted that these studies 
focused on oceanic island bird assemblages. Other studies of native 
and non- native SARs for plants have yielded mixed results with sup-
port for steeper slopes of natives (e.g., Blackburn et al., 2016; Long, 
Trussell, & Elliman, 2009; Lonsdale, 1999), steeper slopes of non- 
natives (e.g., Chown et al., 1998; Crawley, 1987; Denslow, Palmer, & 
Murrell, 2010; Hulme, 2008; Pyšek, 1998; Stark et al., 2006) and no 
difference in slope between natives and non- natives (e.g., Channel 
Islands in Sax & Gaines, 2006). Studies of native and non- native 
SARs for plants are most common and have been conducted in is-
land and mainland ecosystems and across a range of site areas dif-
fering by several orders of magnitude. To better compare results of 
different studies of native versus non- native SARs, a meta- analysis 
approach is necessary.
The shallower slopes observed in the SARs of non- native species 
relative to native species can result from several underlying ecolog-
ical processes. First, it is possible that the scaling of suitable habitat 
with area for non- native species does not increase proportionally to 
that of native species. For example, most non- native species require 
disturbed habitats to establish (Hansen & Clevenger, 2005; McIntyre 
& Lavorel, 1994) and the amount of disturbed habitat (e.g., road 
sides, visitor centre, trails) most likely does not increase with area at 
the same rate as undisturbed habitat in national parks. Second, this 
may be evidence that non- native species are less dispersal limited 
than natives. Increased dispersal of non- natives can be due to life- 
history traits (e.g., Richardson, Van Wilgen, & Mitchell, 1987), human 
associations (Von der Lippe & Kowarik, 2007) or preferential disper-
sal by animals (e.g., Vila & D’Antonio, 1998). However, evidence that 
non- natives are better dispersers than native species is inconclu-
sive (Daehler, 2003; Flores- Moreno, Thomson, Warton, & Moles, 
2013). Third, lower z- values for non- native SARs could indicate that 
F I G U R E  4 Phylogenetic diversity–
area relationships of native and non- 
native plants and birds. Shaded area 
indicates standard errors for the fitted 
values [Colour figure can be viewed at 
wileyonlinelibrary.com]
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F I G U R E  5 The variation of 
phylogenetic diversity (calculated as 
PSV) explained by different variables. 
Filled colours represent positive (blue) 
or negative (red) effects on PSV. If 
the estimated coefficient of a variable 
is significantly different from zero 
(p	≤	0.05),	a	star	symbol	(*)	was	added	
at the bottom of the bar. Richness and 
variables were log- transformed when 
needed and all were standardized to have 
mean zero and standard deviation one. 
Each panel represents one multiple linear 
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environmental filtering has a stronger effect on natives than non- 
natives. In this scenario, the increased habitat heterogeneity in 
larger parks provides multiple habitats with varying environmental 
conditions that filter for different native species. As a result, there is 
greater beta diversity across habitats in large parks, which leads to 
greater gamma diversity. However, for this process to drive the dif-
ference in slopes between native and non- native SARs, non- native 
beta diversity must not respond to environmental heterogeneity to 
the same extent as natives (e.g., Davies et al., 2005).
While we cannot disentangle the role of each of these three pro-
cesses (or other potential processes) on the lower slopes observed 
for non- native SARs from our data, exploring how native and non- 
native richness respond to other environmental factors may provide 
some insight as to why we observed this pattern. For native plant 
richness, area was the most important variable, which explained 
~30% of variations in richness. On the contrary, the number of vis-
itors was the most important positive variable for non- native plant 
richness, which explained ~6% of variation. The number of visitors 
has a positive relationship with invasive species richness in several 
studies (e.g., Lonsdale, 1999; but see Allen et al., 2009; McKinney, 
2002;	Pys̆ek,	Jaros̆ík,	&	Kuc̆era,	2002).	Park	visitors	are	vectors	for	
seeds which cling to clothing, automobiles and horses (Pickering & 
Mount, 2010), and recreational boats can transport aquatic invaders 
(Kelly, Wantola, Weisz, & Yan, 2013).
For native birds species richness, area is the most important 
variable. Temperature and visitors were the most important pos-
itive predictors for non- native birds. Interestingly, the percent-
age of natural area had significantly negative effects on species 
richness of exotic plants and birds; but it did not influence native 
species richness. We interpret this relationship in the context of 
propagule pressure, which is arguably the most important pre-
dictor of exotic establishment (Lockwood, Cassey, & Blackburn, 
2005). Because areas that are developed (i.e., non- natural) are 
more likely to house invaders, they can serve as sources of non- 
native propagules into national parks (Alston & Richardson, 2006; 
Mcdonald et al., 2009). Another possibility is that natural area 
has less human disturbances, which may prevent exotic species 
from establishment. This implies that the effectiveness of parks 
and preservers to conserve and maintain native biodiversity may 
very well depend on management efforts in adjacent areas; the 
establishment of new parks or preserves should also consider the 
habitat features of the surrounding area (Mcdonald et al., 2009; 
Radeloff et al., 2010).
The different SARs between native and non- native species 
suggest that they respond differently to environmental variables, 
although our results do not identify an underlying hypothesis (or hy-
potheses) for mechanisms. This may because native and non- native 
species differ in their functional traits and thus are ecologically dif-
ferent (Daehler, 2003; Davidson, Jennions, & Nicotra, 2011; Van 
Kleunen, Weber, & Fischer, 2010) and affect community structure in 
different ways (Bernard- Verdier & Hulme, 2015). For example, exotic 
species may be better adapted to human activities and disturbances. 
Therefore, increasing anthropogenic habitat modification would 
favour non- native species more than native species (Daehler, 2003); 
sites that have favourable conditions for non- native species may 
have unfavourable conditions for native species and vice versa. To 
test this explicitly, we fitted multiple linear regressions with environ-
mental variables and their interactions with provenance (native or 
non- native) as predictors. Results showed that a significant number 
of environmental variables influence native and non- native species 
differently. This result supports the use of SARs as a quick proxy to 
test whether native and non- native species respond differently to 
environmental changes.
Our results disagree with previous studies that suggest native 
and non- native species richness respond similarly to environmental 
variables (Levine & D’Antonio, 1999; Levine, 2000; but see Marini 
et al., 2009, 2012). Evidence for this argument, however, is mostly 
based on the commonly observed positive relationship between na-
tive and non- native species richness at large spatial scales (Davies 
et al., 2005; Gilbert & Lechowicz, 2005; Lonsdale, 1999; Stohlgren 
et al., 2005). In this study, we also found strong positive relationships 
between native and non- native species richness of plants and birds 
(r = 0.42 and 0.58, respectively, both p < 0.001). Nevertheless, SARs 
and multiple regressions both suggest that native and non- native 
species respond differently to environmental variables. Therefore, 
we argue that the commonly observed positive relationship be-
tween native and non- native species richness does not necessarily 
mean that they respond similarly to environmental conditions.
4.2 | Different PDARs between native and  
non- native species
Phylogenetic diversity–area relationships provide complementary 
information to classic SARs (Morlon et al., 2011). PDARs have been 
used to identify diversity hotspots (Mazel et al., 2014), predict 
diversity declines due to habitat loss (Keil, Storch, & Jetz, 2015) 
and explore mechanisms for community assembly (Helmus & Ives, 
2012; Wang et al., 2013). To the best of our knowledge, this is the 
first study to describe PDARs of non- native species and compare 
them to native species. Our novel approach to comparing spatial 
patterns of native and non- native species both allows us to com-
pare PDARs across these two groups as well as compare PDARs 
to SARs.
Phylogenetic diversity–area relationships, like the observed 
SARs, differed between native and non- native species for both 
plants and birds. This suggests that native and non- native spe-
cies respond differently to processes that influence PD of their 
assemblages. We found a positive PDAR for native birds but a 
non- significant PDAR for non- native birds. For plants, we found a 
negative PDAR for non- native species and a non- significant PDAR 
for native plant assemblages. These PDARs were not by- products 
of a correlation between species richness and PD because we used 
PSV (Helmus et al., 2007), which is independent of species richness. 
In addition, similar to our SAR results, native and non- native PDARs 
responded differently to more environmental variables than ex-
pected, suggesting that PDARs can also be used as a quick proxy to 
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test whether native and non- native species respond differently to 
environmental changes.
In general, positive z values for PDARs are generated by dispersal 
limitation where all species are closely related (e.g., in situ evolu-
tion on an island) or when there is strong environmental filtering and 
the traits that determine whether a species passes the filter have 
a phylogenetic signal (Helmus & Ives, 2012). For North American 
birds, dispersal limitation of closely related species is not likely to 
be the main driver of the observed positive PDAR. However, envi-
ronmental filtering of bird communities has been observed in tem-
perate North American birds (e.g., Klingbeil & Willig, 2016a) and PD 
has been shown to increase with habitat heterogeneity (Klingbeil & 
Willig, 2016b). Thus, larger parks which likely have greater habitat 
heterogeneity may drive the observed PDAR for native birds. For 
example, a large park containing multiple habitat types may filter for 
certain clades (e.g., wetland [Ciconiiformes], forest [Parulidae], lake 
[Anseriformes], grassland [Ammodramus]), while a small park may only 
contain one habitat type and mainly filter for one clade. Even though 
non- native birds also have a positive (but non- significant) PDAR, 
area describes little variation, suggesting that non- native birds may 
be restricted to certain habitat types (i.e., disturbed habitat) and thus 
increasing area does not greatly increase PD.
Native and non- native plants show non- significant and slightly 
negative PDARs, respectively. These patterns suggest that even 
small national parks contain similar amounts of PD as large parks. 
A non- significant slope for PDAR is possible when dispersal is high, 
species are phylogenetically overdispersed, or environmental filter-
ing works on traits that do not exhibit phylogenetic signal. For exam-
ple, a non- significant SAR was found for snakes on oceanic islands 
due to the predominance of colonization over in situ diversification 
(Pyron & Burbrink, 2014). While we cannot tease out the mechanism 
that drives the non- significant and negative PDARs for plants in our 
data, the fact that both native and non- native PD do not increase 
with area deserves further investigation.
Our exploration of environmental variables other than area 
showed that climate explained the largest amount of variation in 
plant PD. While temperature and precipitation were the most im-
portant predictors of PD for both native and non- native plants, 
temperature had positive effects on PD of non- native plants and 
negative effects on native plants. This result implies an important 
difference in the ecology of native and non- native plant species 
that is not apparent when focusing on species richness alone. 
Further, this result suggests global warming may decrease native 
PD but promote non- native PD, leading to potential phylogenetic 
homogenization across national parks and beyond. This novel re-
sult, documented here for the first time to the best of our knowl-
edge, warrants more research.
5  | CONCLUSIONS
Knowledge of whether native and non- native species respond 
differently to processes that influence diversity is important for 
understanding the establishment of non- native species and the 
composition of invaded ecosystems. Here, we found that native 
and non- native species have different diversity–area relationships 
(SARs and PDARs) and respond differently to more environmental 
variables than expected by chance. We observed these patterns 
for both plants and birds across US national parks, providing some 
evidence of generality across taxonomic groups. These results sug-
gest that native and non- native species respond differently to pro-
cesses that influence both species richness and PD. Importantly, 
temperature had positive effects on species richness of non- native 
birds but no effects on native birds; temperature also had positive 
effects on PD of non- native plants but negative effects on PD of 
native plants. Consequently, global warming may promote diver-
sity of exotic species at the expense of native species, a problem 
that will directly challenge our ability to maintain diverse native 
ecosystems.
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